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in the Neural Circuitry of Fear Conditioning
showed that the expression of LTP has a substantial
presynaptic component and is associated with in-
creased probability of neurotransmitter release. Consis-
tent with a presynaptic locus for cortico-amygdala LTP,
conditioned fear is also accompanied by the enhance-
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115 Mill Street ment in probability of neurotransmitter release. This indi-
cates that cortico-amygdala LTP induced with electricalBelmont, Massachusetts 02478
stimulation in slices is mechanistically similar to synaptic
enhancements induced by behavioral training, as both
forms of synaptic plasticity involve an increase in trans-Summary
mitter release. Together with the results of two pre-
viously published studies demonstrating that fear condi-Long-term synaptic modifications in afferent inputs to
the amygdala underlie fear conditioning in animals. tioning is accompanied by synaptic enhancement in the
thalamo-amygdala pathway by which auditory informa-Fear conditioning to a single sensory modality does
not generalize to other cues, implying that synaptic tion reaches the LA from the auditory thalamus (Rogan
et al., 1997; McKernan and Shinnick-Gallagher, 1997),modifications in fear conditioning pathways are input
specific. The mechanisms of pathway specificity of these findings provide the direct causal link between
LTP and memory storage (Martin et al., 2000).long-term potentiation (LTP) are poorly understood.
Here we show that inhibition of glutamate transporters Unimodal fear conditioning, such as conditioning to
auditory or visual stimuli, involves a single cue or mod-leads to the loss of input specificity of LTP in the
amygdala slices, as assessed by monitoring synaptic ality (e.g., light or tone, pure or patterned) and does not
generalize to the CS of other modalities (Campeau andresponses at two independent inputs converging on
a single postsynaptic neuron. Diffusion of glutamate Davis, 1995). During auditory fear conditioning, the ani-
mals can be trained to recognize stimuli of a certain(“spillover”) from stimulated synapses, paired with
postsynaptic depolarization, is sufficient to induce LTP frequency. The magnitude of the behavioral response
sharply decreases as a function of the distance of thein the heterosynaptic pathway, whereas an enzymatic
glutamate scavenger abolishes this effect. These results test frequency from the CS frequency (the stimulus gen-
eralization gradient; Armony et al., 1997). The thalamo-establish active glutamate uptake as a crucial mecha-
nism maintaining the pathway specificity of LTP in the amygdala and cortico-amygdala projections are the only
pathways by which auditory information implicated inneural circuitry of fear conditioning.
fear conditioning enters the LA (LeDoux, 2000). Although
the thalamo-amygdala pathway can perform crude stim-Introduction
ulus discrimination, it was suggested that cortical areas
may be required to processes complex sound stimuli,Fear conditioning is a model of emotional learning in
animals that results from an attachment of emotional such as temporal patterns and tone duration, or for a
finer discrimination between similar frequencies (Arm-significance to an initially neutral conditioned stimulus
(CS) when the CS is paired with an aversive uncondi- ony et al., 1997).
The absence of generalization can be explained, attioned stimulus (US) during behavioral training. The
amygdala complex, a subcortical nuclear group, is a least in part, by the input specificity of synaptic modifica-
tions in pathways carrying signals of distinct sensorycritical component of the neural circuitry of fear learning.
Afferent inputs carrying CS in different sensory modal- modalities to the LA. The mechanisms of input specific-
ity of LTP at central synapses are not completely under-ities terminate in the lateral nucleus of the amygdala
(LA), where associations between CS and US are formed stood (Bi and Poo, 2001). Here, we examined the mecha-
nisms of pathway specificity of LTP in both inputs(Kapp et al., 1984, 1992; Miserendino et al., 1990; Pitka-
nen et al., 1997; Fanselow and LeDoux, 1999; Nader et transmitting auditory information critical for auditory fear
conditioning to the same neuron in the LA. We found thatal., 2000; LeDoux, 2000; Maren, 2001).
Long-term synaptic modifications in afferent inputs the input specificity of LTP in fear conditioning pathways
critically depends on the clearance of synaptically re-to the amygdala constitute an essential cellular mecha-
nism contributing to the acquisition of fear memory (Ro- leased glutamate and is compromised when glutamate
is allowed to diffuse from stimulated synapses to thegan et al., 1997; McKernan and Shinnick Gallagher,
1997; Stevens, 1998; Maren, 1999; Tsvetkov et al., 2002; heterosynaptic sites. This suggests that glutamate up-
take maintains the specificity of LTP in the auditoryShumyatsky et al., 2002). Thus, a recent study has dem-
onstrated that auditory fear conditioning, a form of fear pathways to the LA involved in fear learning.
learning, occludes electrically induced LTP in the cor-
tico-amygdala pathway that conveys auditory informa- Results
tion to the LA by way of projections from the auditory
cortex (Tsvetkov et al., 2002). Quantal analysis of unitary Synaptic Transmission at the Cortical and Thalamic
synaptic responses at the cortico-amygdala synapses Inputs to the Lateral Amygdala
To examine spatial specificity of LTP in fear conditioning
pathways, we stimulated two independent inputs which*Correspondence: vadimb@mclean.harvard.edu
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Figure 1. Synaptic Responses in the Cortical
and Thalamic Inputs to the LA
(A) A schematic representation of a brain slice
containing the amygdala that shows the posi-
tion of the recording and stimulation pipettes.
(B) EPSCs evoked by the stimulation of the
internal capsule (thalamic input) at holding
potentials of 70mV to 50mV. Traces are
averages of ten EPSCs recorded at each
holding potential.
(C) Current-voltage plot of the same EPSCs
as in (B) measured at the peak of the response
(AMPAR component, closed symbols) and 50
ms after the peak (NMDAR component,
open symbols).
(D) Summary current-voltage plot of the
AMPA (closed circles) and NMDA (open cir-
cles) receptor-mediated thalamo-amygdala
EPSCs. Reversal potential of the AMPAR
EPSC was1.7mV 2mV (n 13). The linear
part of the I-V curve for the NMDA receptor
EPSCs, recorded in the presence of CNQX
(20 M), reversed at 1.4mV  2mV (n  14).
(E) AMPA/NMDA receptor ratio for the EPSCs
recorded at cortical (n  7) and thalamic in-
puts (n  8) to the LA. The ratio was calcu-
lated by dividing the amplitude of the AMPAR
component measured at 70mV by the am-
plitude of the NMDAR component measured
50 ms after the peak at50mV, mean SEM.
(F) D-APV (50M) blocks the slow component
of the EPSC at the thalamo-amygdala input.
carry auditory signals essential for learned fear either EPSC recorded in these inputs is mediated by AMPA
receptors. Membrane depolarization led to the appear-from the auditory cortex (cortical input) or the auditory
thalamus (thalamic input) and converge on the same ance of a slower decaying component of synaptic cur-
rent that was blocked by NMDA receptor antagonistneuron in the LA (Figure 1A). Whole-cell recordings of
synaptic currents were obtained from pyramidal neu- D-2-amino-5-phosphonopentanoic acid (D-APV, 50 M;
Figure 1F), suggesting that the late component of therons in the dorsolateral division of the LA in brain slices
in the presence of GABAA receptor antagonist picrotoxin EPSC was mediated by NMDA receptors. The NMDAR-
mediated component of the EPSCs showed substantial(100 M). Because calcium influx through N-methyl-
D-aspartate receptors (NMDAR) contributes to the in- voltage dependence and was blocked by external mag-
nesium at negative holding potentials (Figures 1C andduction of LTP in the LA (Huang and Kandel, 1998; Tsvet-
kov et al., 2002; Bauer et al., 2002), the differences in 1D). The inputs did not differ in the size of the NMDA
receptor-mediated response, since the AMPA/NMDAthe NMDAR-mediated response between different
groups of synapses can influence LTP mechanisms. ratio was very similar in both pathways (Figure 1E; p 
0.49). This is similar to the results of a previous studyTherefore we compared the relative contribution of
NMDA receptors to the EPSC (excitatory postsynaptic in which the AMPA/NMDA ratio calculated for cortical
synapses was not significantly different from that atcurrent) recorded at thalamic or cortical synapses by
calculating an AMPAR/NMDAR ratio. thalamic synapses (Mahanty and Sah, 1999; but see
Weisskopf and LeDoux, 1999).The EPSC elicited by stimulation of either the internal
capsule (thalamic input) or the external capsule (cortical
input; LeDoux, 2000; Maren, 2001) displayed fast decay LTP in the Thalamo-Amygdala Pathway
Is Induced Postsynapticallyat negative potentials (Figures 1B and 2). The current-
voltage (I-V) relation of the peak EPSC recorded over a As shown previously, LTP at the cortico-amygdada syn-
apses depends on postsynaptic Ca2 influx throughrange of membrane potentials from 70mV to 50mV
in either pathway was linear and reversed near 0mV L-type Ca2 channels and NMDA receptors (Huang and
Kandel, 1998; Tsvetkov et al., 2002). To be able to com-(Figures 1B–1D; also see Tsvetkov et al., 2002), and the
EPSC was blocked by the-amino-3-hydroxy-5-methyl- pare the mechanisms of LTP at the convergent thalamic
and cortical inputs, we explored the requirements for4-isoxazolepropionic acid (AMPA) glutamate receptor
antagonist, 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX, the induction of LTP in the thalamo-amygdala pathway
under our experimental conditions. We induced LTP of20 M). This confirms that the fast component of the
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Figure 2. Requirements for the Induction of
LTP at the Thalamo-Amygdala Synapses
(A) Pairing-induced LTP of the EPSCs re-
corded in the LA neuron in response to the
internal capsule (thalamic input) stimulation.
To induce LTP, the LA neuron was held at a
holding potential of 30mV, and 80 presyn-
aptic stimuli were delivered at 2 Hz. Insets
show the average of ten EPSCs recorded be-
fore (1) and 30 min after (2) the pairing proce-
dure (arrow).
(B) Summary graph of the LTP experiments
under control conditions (mean  SEM; n 
11) and when 10 mM EGTA was included in
the recording pipette solution (n  6). High
EGTA had no effect on basal synaptic trans-
mission but blocked LTP induction.
(C) LTP was partially blocked by D-APV (50M,
n  8). Depolarization of the LA neuron
to 30mV alone did not induce LTP (n  14).
(D) An example of the experiment when LTP
was completely blocked when D-APV (50M)
and nitrendipine (10 M) were applied to-
gether. Insets show the average of ten EPSCs
recorded before (1) and 30 min after (2) the
pairing procedure (arrow).
(E) LTP was partially blocked by nitrendipine
(10 M, n  8). LTP was abolished by joint
application of D-APV and nitrendipine (n 
10). Baseline synaptic transmission was not
affected by D-APV or nitrendipine in the con-
centrations used.
(F) Summary of LTP experiments (mean 
SEM).
the thalamo-amygdala EPSCs by pairing postsynaptic and L-type Ca2 channels is involved in the induction of
homosynaptic LTP at the thalamo-amygdala synapses.depolarization (from 70mV to 30mV) with 80 presyn-
aptic pulses delivered to the fibers in the internal capsule However, Ca2 influx alone was not sufficient to induce
LTP, as postsynaptic depolarization in the absence ofat a frequency of 2 Hz (Figure 2A) in the presence of
picrotoxin (100M). This induction protocol was chosen presynaptic stimulation did not lead to potentiation of
the EPSC (102%  7%, n  14; Figure 2C), suggestingbecause it consistently produces robust LTP and was
previously used to study LTP at the cortico-amygdala a role for the synaptically released glutamate in LTP
induction. Thus, the requirements for the induction ofsynapses (Tsvetkov et al., 2002; Shumyatsky et al.,
2002). Thirty minutes after the induction, the EPSC in LTP in thalamo-amygdala and cortico-amygdala path-
ways appear to be very similar.the thalamic input was potentiated to 191% 21% (n
11) of the baseline amplitude. Similar to cortical input,
LTP in the thalamo-amygdala pathway was blocked LTP in the LA Is Not Input Specific
at Room Temperaturewhen a high concentration of the Ca2 chelator EGTA
(10 mM) was included in the recording pipette solution After recording baseline responses in both cortical and
thalamic pathways converging on the same cell, we in-(Figures 2B and 2F). The EPSC remained at 99%  8%
(n 6) of the baseline value 30 min after the LTP-induc- duced LTP at room temperature in one of the inputs,
either cortical or thalamic, by pairing postsynaptic depo-ing stimulation. This indicates that Ca2 influx to the
postsynaptic neuron is required for the induction of LTP larization from a holding potential of 70mV to 30mV
with presynaptic stimulation at a frequency of 2 Hz (ho-in the thalamo-amygdala pathway.
We next determined the source of the intracellular mosynaptic pathway). Synaptic responses in a second
(heterosynaptic) input were monitored during the infre-Ca2 increase. In the presence of the competitive NMDA
receptor antagonist D-APV (50 M), LTP was reduced quent test stimulation of once every 20 s. This procedure
resulted in a significant potentiation at the “paired” ho-to 144%  9% (n  8) of the baseline value (Figures 2C
and 2F; significantly different from control LTP, p  mosynaptic input, with an average LTP of the EPSC to
186.8%  23% (n  12) and 181%  19.5% (n  15) of0.04). The L-type Ca2 channel blocker nitrendipine (10
M), when applied alone, decreased LTP to 143%  the baseline EPSC value in cortical (Figures 3A and 3C)
and thalamic (Figures 3D and 3F) inputs, respectively.16% (n  8) of the baseline value (significantly different
from control LTP, p 0.05). When D-APV and nitrendip- The difference in the amount of LTP between these
inputs in two experimental series, when one of the inputsine were applied simultaneously, LTP was abolished
(97%  11%, n  10; Figures 2D–2F). These results was homosynaptic and thus received the LTP-inducing
stimulation, was not statistically significant (t test, p indicate that Ca2 influx through both NMDA receptors
Neuron
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Figure 3. LTP at Cortical and Thalamic Pathways Converging on the Same Cell Is Not Input Specific
(A) Pairing-induced LTP of the EPSCs recorded in the LA neuron in response to the cortical (homosynaptic) input stimulation at 23C.
(B) Synaptic responses in the thalamic (heterosynaptic) input which did not receive the LTP-inducing stimulation in the same experiment as
in (A).
(C) Summary graphs of all LTP experiments identical to the one shown in (A) and (B) (mean  SEM; n  12).
(D and E) Example of the experiment when homosynaptic LTP was induced in the thalamic pathway (D). This was accompanied by the similar
magnitude LTP in the unstimulated (heterosynaptic) cortical input (E).
(F) Summary of LTP experiments, as in (D) and (E) (n  15).
(G) A schematic representation of the experimental design.
(H) Pairing-induced LTP at homosynaptic cortical and heterosynaptic thalamic pathways is blocked when a high concentration of Ca2 chelator
EGTA (10 mM) is included in the recording pipette solution (n  12).
(I) Joint application of D-APV (50 M) and nitrendipine (10 M) blocked LTP at cortical (homosynaptic) and thalamic (heterosynaptic) convergent
inputs (n  11).
0.86). Surprisingly, LTP was not input specific, as 30 min (n 12) of its initial value 30 min after the LTP-inducing
stimulation, or when Ca2 delivery to the postsynapticafter the induction virtually identical potentiation was
observed at heterosynaptic pathway, with an average neuron was blocked by combined application of the
NMDA receptor antagonist D-APV (50 M) and the L-typeLTP of the EPSC in the thalamic input to 173%  19%
(not different from homosynaptic LTP, p 0.71; Figures Ca2 channel blocker nitrendipine (10 M; Figure 3I;
99%  9% of the baseline EPSC amplitude, n  12).3B and 3C) and the cortical input to 156%  12% (not
different from homosynaptic LTP, p  0.27; Figures 3E When LTP at homosynaptic pathway was blocked, this
was accompanied by a similar reduction in LTP magni-and 3F) of the initial amplitude, indicating that LTP had
spread to the unstimulated input. tude at heterosynaptic input (Figures 3H and 3I). Thirty
minutes after the induction, the EPSC size in the experi-We next compared the requirements for the induction
of LTP at homo- and heterosynaptic pathways. Consis- ments with a high EGTA concentration in the recording
pipette was 90% 13% of the initial value (not differenttent with the previous findings (Huang and Kandel, 1998;
Tsvetkov et al., 2002), homosynaptic cortico-amygdala from homosynaptic input, p  0.34) and 111%  10%
of the initial value in the presence of D-APV and ni-LTP was completely blocked when an increase in post-
synaptic calcium was prevented by including in the pi- trendipine (not different from homosynaptic input, p 
0.39). Depolarization of a postsynaptic cell in the ab-pette solution a high concentration of EGTA (10 mM;
Figure 3H), with the EPSC remaining at 104%  13% sence of presynaptic stimulation did not induce potenti-
Input Specificity of LTP in the Amygdala
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Figure 4. Independence of Cortical and Thal-
amic Inputs Converging on the Same Neuron
in the LA
(A) A schematic representation of the experi-
mental design when convergent cortical and
thalamic inputs were activated individually,
and then they were stimulated simultane-
ously.
(B) EPSCs recorded in response to stimula-
tion of the external capsule (cortical input)
and the internal capsule (thalamic input) indi-
vidually, and when both inputs were stimu-
lated simultaneously. The last trace shows
the arithmetic sum of the individual EPSCs.
10–15 EPSCs were recorded and averaged
for each stimulation condition.
(C) There is a significant correlation between
the amplitude of the recorded combined
EPSC and the predicted (if the summation is
linear) EPSC amplitude (correlation coeffi-
cient, r  0.9). Data points represent 79 mea-
surements in 15 neurons.
(D) Input summation remained linear in a wide
range of stimulation intensities tested (n 
15). The intensity of stimulation in both inputs
was gradually increased from the threshold
stimulus, determined in each individual ex-
periment, with an increment of 50 A to pro-
duce EPSCs of increasing amplitude. There
was no significant difference between the pre-
dicted sum and the recorded sum (ANOVA,
p  0.91).
(E) Cortical and thalamic inputs to the LA do
not demonstrate cross-facilitation.
(F) Summary plot of paired-pulse experi-
ments (mean  SEM; n  11). Twenty paired
EPSCs were averaged for each stimulation
condition. To calculate the paired-pulse ratio,
the second EPSC amplitude was divided by
the first EPSC amplitude.
ation either in cortical or thalamic pathway (Tsvetkov et Second, both cortical and thalamic inputs showed
substantial paired-pulse facilitation when either wasal., 2002; Figure 2C), suggesting that synaptically re-
leased glutamate is required for the induction of LTP at stimulated with paired stimuli (50 ms interstimulus inter-
val; Figures 4E and 4F). However, the inputs did notboth convergent inputs. These findings are consistent
with the notion that LTP at both homo- and heterosynap- demonstrate cross-facilitation, as stimulation of the cor-
tical pathway with a single stimulus had no effect ontic pathways had similar induction mechanisms.
the amplitude of synaptic response in thalamic input
evoked with a 50 ms delay, and vice versa. These dataThalamic and Cortical Inputs Do Not Overlap
Stimulation of the homosynaptic input, required to in- demonstrate that the two inputs do not overlap (Nishi-
yama et al., 2000), function independently, and couldduce LTP, could simply recruit presynaptic fibers in the
second pathway and thus lead to the simultaneous in- be reliably separated with our stimulation technique.
Therefore, an enhancement of synaptic responses in theduction of LTP at both homo- and heterosynaptic sites.
However, two lines of evidence suggest that stimulation unstimulated input reflects true heterosynaptic plas-
ticity.of the convergent thalamic and cortical inputs resulted
in activation of the independent sets of synapses formed
on a single postsynaptic cell. Heterosynaptic LTP Is Not Mediated by Ca2
Release from the Intracellular StoresWe first tested how these two inputs summed when
they were simultaneously stimulated. The EPSCs were What are the cellular mechanisms that could be respon-
sible for the lack of input specificity of LTP at two conver-first elicited in both inputs alternately, and then the in-
puts were activated simultaneously (Figure 4A). The re- gent auditory inputs to the LA? The spread of LTP to
the unstimulated pathway could be secondary to thesulting combined EPSC was compared with the arithme-
tic sum of the individual EPSCs (Cash and Yuste, 1999). induction of LTP at homosynaptic input. According to
this model, the induction of homosynaptic LTP couldWe found that the input summation was essentially lin-
ear for the EPSCs of different amplitude evoked by a lead to the production of the intracellular messenger
molecules which, diffusing to the heterosynaptic sites,wide range of stimulation intensities tested (Figures 4B–
4D). A significant deviation from linearity is expected for could mediate the spread of synaptic modifications
(Nishiyama et al., 2000; Royer and Pare, 2003).interacting synaptic inputs.
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Figure 5. The Spread of LTP to the Unstimu-
lated Inputs at 23C Is Not Mediated by Re-
lease of Calcium from the Internal Stores
(A and C) Heterosynaptic LTP is not blocked
by ryanodine (ryn, 100M) in the pipette solu-
tion. Thirty minutes after the induction, aver-
age values of the EPSC amplitude were, in (A),
205%  22% of the baseline level at cortical
(paired) and 170% 12% at thalamic (hetero-
synaptic) inputs (n  13; no significant differ-
ence, p  0.19); in (C), 187%  14% at thala-
mic (paired) and 178%  13% at cortical
(heterosynaptic) inputs (n 10; no significant
difference, p  0.74).
(B and D) Inhibition of InsP3-sensitive Ca2
stores with Xestospongin-C (Xest-C, 10 M),
when included in the pipette solution, does
not block heterosynaptic LTP in the LA. Thirty
minutes after the induction, average values
of the EPSC amplitude were, in (B), 160% 
14% of the baseline level at cortical (paired)
and 157%  20% at thalamic (heterosynap-
tic) inputs (n  12; no significant difference,
p  0.91); in (D), 172%  21% at thalamic
(paired) and 157%  18% at cortical (hetero-
synaptic) inputs (n  10; no significant differ-
ence, p  0.4).
Calcium release from the intracellular stores via the heterosynaptic inputs should only contain NMDA recep-
tors and thus be physiologically unresponsive at a nega-ryanodine and InsP3 (inositol triphosphate) receptors un-
derlies certain forms of LTP (Raymond and Redman, tive holding potential of 70mV, used throughout the
study, due to their blockade by the external magnesium2002) and regulates the polarity and input specificity of
synaptic plasticity in the CA1 area of the hippocampus ions. These synapses would become physiologically de-
tectable with membrane depolarization, when Mg2(Nishiyama et al., 2000). Therefore, we asked whether
the spread of synaptic potentiation to the unstimulated block is relieved, allowing NMDA receptors to conduct
synaptic currents.pathway in the LA was mediated by Ca2 released from
the internal calcium stores. To examine this possibility, We directly addressed this possibility by recording
unitary EPSCs at thalamo-amygdala synapses, first atwe first tested the effects of ryanodine, which blocks
ryanodine receptor-mediated Ca2 release, on LTP. In- a negative holding potential of 70mV, and then at a
positive potential of 50mV. Unitary EPSCs were ob-troduction of ryanodine into the postsynaptic neuron in
the LA by intracellular dialysis, in a concentration (100 tained with minimal stimulation technique (Stevens and
Wang, 1994), using two selection criteria that were pre-M) earlier shown to block ryanodine receptors and
affect synaptic plasticity in the hippocampus (Nishiyama viously applied to CA3-CA1 synapses in the hippocam-
pus (Bolshakov et al., 1997; Hinds et al., 2003) and cor-et al., 2000), did not prevent LTP either at homo- or
heterosynaptic pathways (Figures 5A and 5C). Identical tico-amygdala synapses (Tsvetkov et al., 2002). First,
we selected recordings that showed a sharp thresholdresults were obtained in the experiments when Ca2
release from the InsP3-sensitive calcium stores was of stimulation current intensity for the appearance of
the EPSC. Second, the unitary nature of the EPSCs,blocked with a selective inhibitor Xestospongin-C (Ray-
mond and Redman, 2002; 10 M; Figures 5B and 5D; which passed the intensity threshold test, was con-
firmed using paired-pulse presynaptic stimulation withsee figure legend for details). This suggests that the lack
of input specificity of LTP in the LA does not involve a short (50 ms) interpulse interval. The unchanged po-
tency, the mean size of the actual responses not includ-InsP3 or ryanodine receptors, and thus is not mediated
by calcium released from the internal stores. ing failures of synaptic transmission (Stevens and Wang,
1994), of the second EPSC as compared to the first
response during paired-pulse stimulation was taken asHeterosynaptic LTP Does Not Involve
the Uncovering of Silent Synapses evidence of the unitary nature of the EPSC (Bolshakov
and Siegelbaum, 1995; Isaac et al., 1996; Bolshakov etA possible mechanism underlying the loss of input spec-
ificity of LTP in the LA could involve a conversion of al., 1997; Dobrunz and Stevens, 1997; Tsvetkov et al.,
2002; Hinds et al., 2003). Similar to cortico-amygdala“silent synapses” at heterosynaptic sites to the func-
tional state as a result of LTP induction in homosynaptic synapses (Tsvetkov et al., 2002), the amplitude histo-
grams of the unitary thalamo-amygdala EPSCs showedinputs (Malinow et al., 2000). According to this notion,
induction of LTP in a homosynaptic pathway could trig- a reasonably good separation between the peaks repre-
senting failures (noise) and successes, as quantal ampli-ger a chain of intracellular processes leading to the
recruitment of AMPA receptors to the silent synapses in tude at these synapses is relatively large. When these
unitary thalamo-amygdala synapses were repeatedlyheterosynaptic input. Such a mechanism would require
that under baseline conditions a fraction of synapses in stimulated at room temperature, a significant fraction
Input Specificity of LTP in the Amygdala
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a holding potential of 50mV, there was a decrease in
the fraction of failures to 44.9%  4.8% (n 14; signifi-
cantly different from the failure rate at 70mV, paired t
test, p 0.01). This decrease in the proportion of failures
could be due either to the uncovering of silent synapses
(Malinow et al., 2000) or to the diffusion (“spillover”) of
glutamate from the neighboring synapses (Kullmann and
Asztely, 1998). Glutamate spillover is under the control
of glutamate uptake mechanisms and thus can be less
prominent at higher temperatures, when glutamate trans-
porters function more efficiently (Asztely et al., 1997).
Therefore, we recorded unitary thalamo-amygdala
EPSCs at 36C to maximize the efficiency of uptake
mechanisms. Surprisingly, under these conditions the
failure rate at positive potentials was not different from
that at negative potentials (Figures 6E–6H; failure rate
at 70mV was 60.7%  4.5%, failure rate at 50mV
was 58.6%  2.9%, n 13; no significant difference,
paired t test, p  0.48), suggesting that the fraction of
silent synapses at thalamo-amygdala input might be
small. This indicates that the recruitment of silent syn-
apses to the heterosynaptic thalamo-amygdala pathway
is unlikely to mediate the loss of input specificity of LTP
in the LA.
“Spillover” of Glutamate from Homosynaptic
Pathway Mediates Heterosynaptic LTP
Alternatively, the observed loss of input specificity of
synaptic modifications could be due to active recruit-
ment of LTP mechanisms within the heterosynaptic
pathway. Glutamate released by nerve terminals during
synaptic activity is removed from the synaptic cleft
through passive diffusion and active uptake by gluta-
Figure 6. Temperature Dependence of Unitary EPSCs at the mate transporters (Diamond and Jahr, 1997). Recent
Thalamo-Amygdala Synapses at Negative and Positive Holding
experiments suggest that under certain conditions glu-Potentials
tamate can diffuse from the synaptic cleft and activate(A–C) Data from an individual experiment recorded at room tempera-
receptors at the perisynaptic space (Kullmann et al.,ture. (A) Superimposed successive unitary EPSCs recorded
1996; Asztely et al., 1997; Kullmann and Asztely, 1998;at 70mV (bottom) or at 50mV (top). (B) Amplitude of individual
EPSCs during the course of an experiment (same as in [A]) when Rusakov and Lehre, 2002). Our results with unitary
the lateral amygdala neuron was initially held at 70mV, and then EPSCs in the LA (see above) are fully consistent with
at 50mV. (C) Superimposed density estimate plots of unitary such a possibility. It is feasible that high levels of synap-
EPSCs recorded at70mV (251 events, solid line) or at50mV (220
tic activity, required to induce LTP, could lead to thisevents, dashed line) from the same cell as in (A) and (B). Depolariza-
“spillover” of glutamate from the stimulated synapsestion was accompanied by reduction in the fraction of failures (failure
to the heterosynaptic sites, especially under conditionsrate was 62.9% at 70mV and 25% at 50mV).
(D) Summary plot of failure rates estimated in 14 neurons at room when glutamate transporters do not function properly.
temperature. In each individual experiment, the failure rate was first Cross-synaptic activation of NMDA receptors (Kullmann
determined at 70mV (open circles) and then at 50mV (closed et al., 1996), when paired with postsynaptic depolariza-
circles).
tion, would lead to the induction of LTP in heterosynaptic(E–G) Data from one neuron recorded at 36C. (E) Superimposed
pathway. NMDA receptors, including those at the het-successive unitary EPSCs recorded at70mV (bottom) or at50mV
erosynaptic sites, have high affinity for glutamate and(top). (F) Amplitude of individual EPSCs during the course of an
experiment (same as in [E]) recorded initially at 70mV and then thus could sense its low concentrations, which are not
at 50mV. (G) Superimposed density estimate plots of unitary detected by low-affinity AMPA receptors (Kullmann and
EPSCs recorded at70mV (309 events, solid line) or at50mV (302 Asztely, 1998). If this model is correct, the experimental
events, dashed line) from the same cell as in (E) and (F). Depolariza-
interventions known to facilitate or retard the clearancetion did not lead to the reduction in the fraction of failures (failure
of glutamate from the extrasynaptic space should, re-rate was 52.8% at 70mV and 51.3% at 50mV).
spectively, prevent or promote heterosynaptic LTP.(H) Summary plot of failure rates estimated in 13 neurons at 36C.
In each individual experiment, the failure rate was first determined Because both passive diffusion and active transport
at 70mV (open triangles) and then at 50mV (closed triangles). of glutamate steeply depend on temperature (Asztely et
al., 1997), we tested input specificity of LTP in the LA
at physiological temperatures (35C–36C). We foundof the stimulating pulses did not result in postsynaptic
responses (failures) at a negative membrane potential that the spread of the pairing-induced LTP to the unstim-
ulated heterosynaptic input was absent under these(Figures 6A–6D; average failure rate was 64.8% 3.8%,
n  14). When a postsynaptic cell was depolarized to conditions (Figure 7), despite the fact that the normal
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Figure 7. Active Glutamate Uptake Is Re-
quired to Maintain the Input Specificity of LTP
in the LA
(A and D) Heterosynaptic LTP is absent at
physiological temperatures (35C–36C) ([A],
n  9; [D], n  11).
(B and E) Inhibition of glutamate uptake with
dihydrokainate (DHK, 100 M) at 36C, when
included in the bath solution, leads to the loss
of the input specificity of LTP ([B], n  7; [E],
n  11).
(C and F) Enzymatic glutamate scavenger
(glutamic-pyruvic transaminase, 5 U/ml; and
pyruvate, 2 mM) largely eliminates hetero-
synaptic LTP at 23C ([C], n 12; [F], n 11).
Traces are averages of ten EPSCs obtained
from individual experiments before and 30
min after LTP induction. As described (Min
et al., 1998), glutamic-pyruvic transaminase
was dialyzed for 3 hr with a 10 kDa cutoff
membrane (Slide-A-Lyzer, Pierce Chemical)
before addition to the bath solution.
magnitude LTP was observed in the homosynaptic path- thalamic (paired) and 162%  16% at cortical (hetero-
synaptic) inputs (Figure 7E; n  11, no significant differ-way, with an average homosynaptic LTP of the EPSC
to 172% 18% (n 9) and 185% 22% (n 11) of the ence, p 0.41). DHK had no effect on baseline synaptic
transmission, as we found in control experiments thatbaseline EPSC value in cortical (Figure 7A) or thalamic
(Figure 7D) inputs, respectively. Thirty minutes after the 15 min after the beginning of DHK application, the cor-
tico-amygdala EPSC was 101%  5% (n  4) and theinduction, the EPSC remained at 114%  10% (n 
9) and 122%  14% (n  11) of the initial value at thalamo-amygdala EPSC was 103%  7% (n  4) of
their initial size. The magnitude of heterosynaptic LTPheterosynaptic thalamic (Figure 7A; not significantly dif-
ferent from the baseline amplitude, t test, p  0.26) and induced at 36C under conditions of glutamate trans-
porter inhibition was not significantly different from thecortical (Figure 7D; not significantly different from the
baseline amplitude, p  0.2) inputs, respectively. values of heterosynaptic LTP at room temperature for
both cortical (p  0.68) and thalamic (p  0.35) inputs.If the loss of heterosynaptic LTP at physiological tem-
peratures was indeed due to an increase in the efficiency Additional support for the conclusion that spillover of
glutamate from homosynaptic pathway during the LTP-of glutamate transporters, then pharmacological inhibi-
tion of active glutamate uptake would reverse the effects inducing stimulation is responsible for the loss of input
specificity at amygdala synapses comes from the exper-of temperature increase on LTP in the heterosynaptic
inputs. Consistent with this prediction, we found that iments in which the clearance of glutamate at room
temperature was enhanced by including in the bath solu-in the presence of the glutamate uptake blocker DHK
(dihydrokainate, 100 M), induction of LTP at 35C–36C tion an enzymatic glutamate scavenger, consisting of
glutamic-pyruvic transaminase (5 U/mL) and pyruvatein the homosynaptic pathway was accompanied by a
similar potentiation at heterosynaptic inputs (Figures 7B (2 mM), as previously described (Min et al., 1998). This
enzymatic system rapidly converts glutamate to -keto-and 7E). Thirty minutes after the induction, average val-
ues of the EPSC amplitude were 195%  26% of the glutarate, which leads to the decrease of glutamate lev-
els in the extrasynaptic environment. In our experiments,baseline level at cortical (paired) and 161%  18% at
thalamic (heterosynaptic) inputs (Figure 7B; n  7, no heterosynaptic LTP at room temperature, when the
clearance of synaptically released glutamate is compro-significant difference, p  0.31), and 191%  29% at
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mised, was attenuated in the presence of glutamate concentration of the Ca2 chelator EGTA (10 mM) in the
scavenger (Figures 7C and 7F), thus restoring the input recording pipette solution. The NMDA receptor-medi-
specificity of synaptic modifications. Under these condi- ated cortico-amygdala EPSC declined in the course of
tions, the magnitude of homosynaptic LTP was 168% such repetitive presynaptic stimulation due to block of
15% (n  12) and 165%  19% (n  11) of the baseline NMDA receptor channels by MK-801 (Figure 8A). When
value in cortical (Figure 7C) and thalamic (Figure 7F) test stimulation (once every 10 s) of the heterosynaptic
inputs, respectively. The EPSC remained at 129%  thalamo-amygdala pathway was resumed immediately
17% (n 12) and 118% 11% (n 11) of the initial value after the 2 Hz stimulation period delivered to the homo-
at heterosynaptic thalamic (Figure 7C; not significantly synaptic cortico-amygdala pathway, we observed a sig-
different from the baseline EPSC amplitude, t test, p  nificant occlusion of the first NMDA response at the
0.15) and cortical (Figure 7F; not significantly different heterosynaptic sites, as compared to the NMDAR
from the baseline EPSC amplitude, p  0.26) inputs, EPSCs recorded under baseline conditions (Figure 8A).
respectively. The effect of the scavenger was specifi- This effect was temperature dependent, as it was ob-
cally linked to its ability to eliminate glutamate, because served at room temperature (23C), but not at 36C,
glutamic-pyruvic transaminase did not prevent LTP in when glutamate transporters function more efficiently
heterosynaptic sites when applied without pyruvate. (Figures 8B–8D). The amplitude of the first heterosynap-
Thus, in the presence of glutamic-pyruvic transaminase tic NMDAR EPSC recorded after 2 Hz stimulation of the
alone, the EPSC was potentiated to 177% 17% of the homosynaptic pathway was reduced by 25.5%  4.1%
baseline EPSC value in homosynaptic cortical input. In and by 8.7%  5.9% at 23 (n  8) and 36 (n  6),
same experiments, the EPSC recorded in the hetero- respectively (significant difference, t test, p  0.03).
synaptic thalamo-amygdala pathway was potentiated The occlusion of the NMDA responses at heterosyn-
to 169% 16% (n 3; not different from homosynaptic aptic sites, resulting from stimulation of the homosyn-
LTP, p  0.8). When homosynaptic LTP was induced at aptic input, was frequency dependent, as it was not
the thalamo-amygdala synapses (189%  20%), identi- observed when homosynaptic inputs were stimulated
cal potentiation was observed in heterosynaptic cortical with a frequency of 0.1 Hz (Figure 8D). Under these
input (174%  11%, n 3; not different from homo- conditions, the amplitude of the first heterosynaptic
synaptic LTP, p  0.7). NMDAR EPSC remained virtually unchanged by low-
We also addressed a question whether postinduction frequency (0.1 Hz) stimulation of the homosynaptic path-
changes in free glutamate can influence the expression way. The EPSC was only reduced by 6.2%  3% and
of LTP. Thus we tested the effects of an enzymatic by 6.8% 3% at 23 (n 5) and 36 (n 5), respectively
glutamate scavenger (see above) on heterosynaptic LTP (no significant difference, t test, p  0.84).
in the thalamo-amygdala pathway at room temperature, These results are consistent with and further strengthen
when the scavenger was added to the bath solution the view that glutamate diffusing from the frequently
5 min after LTP was induced. Under these conditions, stimulated synapses, when glutamate transporters are
30 min after the pairing procedure, the EPSC at homo- downregulated, can activate NMDA receptors at the het-
synaptic cortical input was potentiated to 175.6%  erosynaptic sites, thus accounting for the loss of input
14.4% (n  5; not different from homosynaptic cortico- specificity of LTP.
amygdala LTP without scavenger, p  0.7). This was
accompanied by a similar potentiation in the hetero-
Discussionsynaptic thalamo-amygdala pathway, with LTP of the
EPSC to 167.2%  11.8% (n  5; not different from
Our results demonstrate that LTP in the neural pathwayshomosynaptic LTP, p  0.65), suggesting that changes
of auditory fear conditioning loses its input specificityin free glutamate have no effect either on homo- or
when the clearance of synaptically released glutamateheterosynaptic LTP after it was induced.
is delayed. LTP in both homo- and heterosynaptic path-To obtain more direct evidence that diffusion of gluta-
ways requires synaptically released glutamate and de-mate from homosynaptic pathway leads to activation of
pends on activation of NMDA glutamate receptors andNMDA receptors in heterosynaptic sites, we performed
L-type calcium channels, indicating that LTP at boththe cross-inhibition experiments using the MK-801 pro-
convergent inputs has identical induction mechanisms.tocol (Carter and Regehr, 2000). NMDA receptor EPSCs
The spread of LTP to the heterosynaptic (unstimulated)were recorded in both thalamic and cortical pathways
pathway at room temperature is mediated by glutamatein the presence of CNQX (20 M), to block AMPA recep-
diffusing from stimulated synapses, since it is abolishedtors, at a holding potential of 50mV. After recording
when the clearance of glutamate from extrasynaptic en-baseline EPSCs which were evoked by test stimulation
vironment is enhanced by inclusion in the bath solutionof once every 10 s, presynaptic stimulation was stopped,
of an enzymatic glutamate scavenger. These findingsand MK-801, an irreversible open-channel blocker of
suggest that under the conditions of glutamate uptakethe NMDA receptors (Huettner and Bean, 1988), was
blockade, spillover of glutamate from the sites whereapplied to the slice for 10 min. During this period, the
release occurred can lead to the induction of LTP at theneuron was held at a holding potential of 70mV to
heterosynaptic inputs (perhaps through cross-synapticprevent activation of NMDA receptors by tonic gluta-
activation of NMDA receptors; see Kullmann et al., 1996),mate. The cortical (but not thalamic) pathway was then
if paired with postsynaptic depolarization. NMDA recep-stimulated for 40 s at a frequency of 2 Hz, a stimulation
tors have significantly higher affinity for glutamate thanparadigm that was used in our LTP experiments, while
AMPA receptors and therefore can be activated by sub-the cell was again held at 50mV. To prevent LTP in
the cross-inhibition experiments, we included a high stantially lower concentrations of glutamate, which are
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Figure 8. Spillover of Glutamate to the Het-
erosynaptic Pathway Depends on the Tem-
perature and Frequency of Presynaptic Stim-
ulation
(A) Data from an individual experiment per-
formed at 23C. The NMDAR EPSCs were
elicited in both inputs alternately at a holding
potential of 50mV in the presence of CNQX
(20M). After recording baseline EPSCs, pre-
synaptic stimulation of either input was
stopped and MK-801 (40 M) was applied
for 10 min. Next, the cortical pathway (open
symbols) was stimulated for 40 s at a fre-
quency of 2 Hz. The NMDA receptor-medi-
ated cortico-amygdala EPSC was progres-
sively decreasing in size in the course of
stimulation due to block of NMDA receptor
channels by MK-801. Test stimulation of the
heterosynaptic thalamo-amygdala pathway
(closed symbols) with a frequency of once
every 10 s was resumed immediately after the
2 Hz stimulation of the homosynaptic cortico-
amygdala pathway. The first heterosynaptic
NMDAR response (arrow) was significantly
reduced in size, as compared to the baseline
EPSCs. Inset shows the baseline thalamo-
amygdala NMDAR EPSC (1) and the first tha-
lamo-amygdala NMDAR EPSC recorded in the presence of MK-801 (2).
(B) Data from an individual experiment performed at 36C. Under these conditions, the amplitude of the first heterosynaptic thalamo-amygdala
NMDAR EPSC (arrow) in MK-801 was not significantly changed.
(C) Summary graph of the cross-inhibition experiments with the MK-801 protocol at 23C (closed symbols, n  8) and 36C (open symbols,
n  6), showing the normalized amplitudes of the thalamo-amygdala NMDAR EPSCs recorded under baseline conditions and in the presence
of MK-801. Inset depicts initial eight thalamo-amygdala NMDAR responses in the presence of MK-801 at an expanded time scale.
(D) Percent of reduction of the heterosynaptic NMDAR EPSC in the presence of MK-801, when the homosynaptic pathway was stimulated
either with a frequency of 2 Hz (left) or 0.1 Hz (right; n  5 for the experiments at 23C; n  5 for the experiments at 36C).
not sensed by AMPAR (Kullmann and Asztely, 1998). brain region. Together, these findings revise the classi-
cal view of active glutamate uptake at central synapsesOther LTP paradigms involving sufficiently frequent pre-
synaptic stimulation and postsynaptic depolarization, as a mechanism that is needed only for efficient trans-
mission at individual synapses, because it places tem-allowing removal of Mg2 block of NMDA receptors, will
probably lead to a similar effect. Our results indicate poral limits on the actions of glutamate at pre- and post-
synaptic receptors. Our results suggest an additionalthat active glutamate uptake is an essential mechanism
required to maintain pathway specificity of LTP at inde- function for glutamate uptake, such as control of spatial
specificity of long-term synaptic modifications. Becausependent inputs converging on the same neuron in the
LA, a critical component of the neural circuitry of fear the storage capacity of the brain is maximized when
synapses operate independently (see Barbour, 2001), aconditioning.
Passive diffusion or active uptake by glutamate trans- mechanism that allows maintaining the input specificity
of LTP is of a fundamental importance.porters provides means by which synaptically released
glutamate is cleared from the synaptic cleft. Recent Our data do not exclude a possibility that synapses
within the individual thalamo-amygdala or cortico-studies support the notion that glutamate diffusing from
the synaptic cleft under certain conditions can activate amygdala pathway could interact with each other even
under conditions when glutamate uptake is fully func-receptors at extra- and heterosynaptic sites, leading
to short-term synaptic modifications (Scanziani et al., tional. In fact, a recently published study on cerebellar
parallel fiber synapses has demonstrated that synaptic1997; Semyanov and Kullmann, 2000; Mitchell and Sil-
ver, 2000; Cossart et al., 2001). Thus, when the clearance crosstalk can occur at physiological temperature even
in response to single stimuli (Marcaggi et al., 2003). Itof glutamate is delayed at hippocampal mossy fiber
synapses, glutamate spreads away from the synapse was dramatically enhanced when glutamate uptake was
inhibited, genetically or pharmacologically. Although ourand activates presynaptic metabotropic glutamate re-
ceptors, leading to a decrease in glutamate release study does not directly address the question of whether
absolute synapse specificity is achieved, our data(Scanziani et al., 1997). Spillover of glutamate from excit-
atory terminals modulates GABAergic transmission in clearly indicate that the spatial specificity of synaptic
modifications is maintained at the subset of synapsesthe hippocampus (Semyanov and Kullmann, 200; Cos-
sart et al., 2001) and the cerebellar glomerulus (Mitchell comprising cortical or thalamic input to the same cell
in the LA under physiological conditions.and Silver, 2000) through activation of presynaptic meta-
botropic or kainate receptors. The effects of spillover The role of glutamate uptake mechanisms in learning
has been recently demonstrated. Thus, long-term sensi-leading to long-term synaptic modifications, observed
in our study, have not been previously described in any tization of the siphon withdrawal reflex in Aplysia is ac-
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a silver painted patch pipette (Tsvetkov et al., 2002; Hinds et al.,companied by a long-term increase in glutamate uptake
2003). The patch electrodes (3–5 M	 resistance) contained 120 mMat sensorimotor synapses (Levenson et al., 2000). This
K-gluconate, 5 mM NaCl, 1 mM MgCl2, 0.2 mM EGTA, 10 mM HEPES,behavioral sensitization is prevented when an increase
2 mM MgATP, and 0.1 mM NaGTP (adjusted to pH 7.2 with KOH).
in glutamate uptake is pharmacologically inhibited. In To examine the voltage dependence of the EPSCs, 120 mM Cs-
the honeybee, pharmacological inhibition of glutamate methane-sulfonate was used instead of K-gluconate. In the experi-
ments with unitary EPSCs, 10 mM calcium chelator EGTA was in-uptake was shown to impair long-term associative olfac-
cluded in the pipette solution to prevent LTP. Series resistance wastory memory (Maleszka et al., 2000). Also, inhibition of
monitored throughout experiment and was in a range of 10–20 M	.glutamate uptake immediately after one-trial aversive
Currents were filtered at 1 kHz and digitized at 5 kHz. In all LTPlearning in the newborn chick leads to the loss of long-
experiments, the stimulus intensity was adjusted to produce synap-
term memory of this experience (Ng et al., 1997). It was tic responses with an amplitude of 50–80 pA, which constitutes
proposed that glutamate transporters could be coregu- 20%–25% of maximum amplitude EPSC. Since we controlled for
the size of the baseline EPSC, the induction conditions were identi-lated with other processes implicated in learning-related
cal for all LTP groups. The EPSC amplitudes were measured as thesynaptic modifications and that this mechanism might
difference between the mean current during a prestimulus baselinebe evolutionary conserved (Levenson et al., 2002a,
and the mean current over a 2 ms window at the peak of the EPSC.2002b). The importance of uptake mechanisms specifi-
Homosynaptic LTP was induced by delivering 80 presynatic stimuli
cally in fear learning is supported by a recent finding that at 2 Hz while the LA neuron was held30mV. Summary LTP graphs
both LTP induction and contextual fear conditioning, a were constructed by normalizing data in 60 s epochs to the mean
value of the baseline EPSC.form of fear conditioning which requires both the amyg-
Unitary EPSCs were evoked by low-intensity current pulses (25–dala and the hippocampus, lead to an increase in gluta-
100 A; 50–100 s duration) applied through a fine-tipped (2 M),mate uptake in area CA1 of the hippocampus (Levenson
concentric stimulating electrode consisting of a patch pipette thatet al., 2002a). Thus, our findings, indicating that gluta-
was coated with silver paint. The stimulating pipettes were posi-
mate uptake maintains specificity of synaptic modifica- tioned to activate the thalamic input to the lateral amygdala. Stimula-
tions in the neuronal circuitry of learned behavior, pro- tion of a single presynaptic fiber was verified by applying the inten-
sity threshold test and paired-pulse stimulation (Isaac et al., 1996;vide further support to the notion that glutamate uptake
Bolshakov et al., 1997; Dobrunz and Stevens, 1997; Tsvetkov et al.,may play an active role in learning. As glutamate trans-
2002; Hinds et al., 2003). The unitary EPSCs were filtered at 1 kHzporters are under the regulation of different signaling
and digitized at 5 kHz. The EPSC amplitude was measured as themolecules, such as arachidonic acid or growth factors,
difference between the mean current during a prestimulus baseline
under both physiological and pathophysiological condi- and the mean current over a 1–2 ms window. To calculate failure
tions (for review, see Danbolt, 2001), our observations rates, a method of visual classification of failures was used (Stevens
and Wang, 1994; Isaac et al., 1996). For noise measurements, amight be helpful in explaining the cognitive disturbances
window was placed at the baseline before the stimulus. EPSC den-accompanying certain neurological and mental dis-
sity estimates were computed using a Gaussian kernel whose stan-eases.
dard deviation (SD) was one-half that of the background noise SDLTP in afferent inputs to the amygdala constitutes an
as described (Bolshakov et al., 1997).
essential cellular mechanism contributing to the acquisi-
tion of fear memory (LeDoux, 2000; Rogan et al., 1997;
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